In road construction, several processes and products are now available to produce environmentally friendlier warm mix asphalts, including the use of synthetic paraffin wax additives. These additives facilitate the production of energy efficient asphalt mixtures at reduced manufacturing and construction temperatures. However, their sustainability during the road life cycle can only be obtained by optimizing the mixture's performance. Thus, the objective of this work was to assess the properties of different blends of base bitumens (softer to harder ones) containing a range of synthetic wax contents, as well as the performance of the corresponding warm mix asphalts, that could ultimately lead to more sustainable mixtures. It was concluded that different blends should be selected to maximize the temperature reduction, the fatigue or the rut resistance, without compromising the other properties of the mixture.
Measurement of the rheological properties of the binders was carried out in a stress controlled rotational DSR with parallel plate sample geometries of 40 mm diameter and 1 mm gap (with manual gap compensation at each test temperature). The rheometer was set up to test in an oscillatory mode so as to guarantee a dynamic response from the specimen, ensuring that the specimen was tested in the linear region over the temperature (25 to 170 ºC) and frequency ranges selected (0.1 to 10 Hz). Thus, preliminary tests were carried out at different temperatures and frequencies in order to determine the stress range within which the binders remain in the linear viscoelastic range (complex modulus must not differ by more than 5% of their value over the stress range chosen). Based on this preliminary study, the stress values selected to carry out the DSR tests varied between 1000 Pa at 25 ºC and 3 Pa at 170 ºC.
The DSR frequency sweeps were initiated at the lowest selected temperature, starting from the lowest frequency and proceeding to the highest. After the completion of each test temperature, it was possible to proceed to the next test temperature at a rate not exceeding 5 ºC per minute.
During the test, the selected oscillatory shear stress is applied to the specimen and the resulting shear strain is measured.
Softening point and penetration tests
In order to classify the binders used in this study, a basic characterisation was performed in accordance with the EN 12591 standard. This included the tests of penetration at 25 ºC (following the EN 1426 standard) and of softening point (also known as Ring & Ball temperature, R&B, according to the EN 1427 standard). These tests were also used to compare the basic characteristics of the bitumens used in the HMAs with those of the modified binders used in the WMAs in order to select the optimum additive content.
Dynamic viscosity tests
In order to evaluate the properties of the several binders at higher temperatures (100-170 ºC) in which the bituminous mixtures are mixed and applied, their dynamic viscosities were assessed using a rotating spindle apparatus (EN 13302 standard). The typical test temperature of a coaxial viscometer using a rotating spindle apparatus ranges from 50 to 250 ºC.
During the test, the torque (relative resistance of the spindle to rotation) applied to a spindle rotating in a special sample container enclosing the binder was used as a measure of dynamic viscosity. According to EN 13302, after setting the test temperature and lowering the spindle into the binder, the system temperature should equilibrate after 15 to 30 min (lab practice showed that the usual equilibrium time is 18 min). At least three readings were subsequently recorded between the 18th and 21st minute of the test for each evaluated temperature. The dynamic viscosity at each temperature is the arithmetic mean of these three readings. Figure 2 summarizes the method used to evaluate the dynamic viscosity of the binders at different temperatures, where the shaded area exemplifies the determination of the dynamic viscosity (2.96 Pa.s) at a temperature of 110 ºC. The dashed line represents the theoretical evolution of dynamic viscosity if the test temperature had been gradually increased from 110 to 170 ºC. It can also be observed that the viscosity reaches an equilibrium value, at every test temperature, just about after 21 min (18 plus 3 min), as stated previously. In this investigation, the theoretical evolution of the dynamic viscosity of several binders with test temperature was the final result of the tests carried out to analyse the optimum amount of additive required to facilitate mixing and applying the WMA at lower temperatures.
Characterisation of the WMA additive
Four paving grade bitumens and one additive type were used in this study with the objective of determining the most appropriate binder constitution for the production of a range of Warm Mix Asphalts adapted to Portuguese conditions. The four paving grade bitumens used were a B10/20, a B35/50, a B50/70 and a B160/220 pen bitumen (classified according to the EN 12591). For the "modification" of some of these bitumens, a commercial synthetic paraffin wax additive, known as "Sasobit ® ", was used in controlled amounts in order to determine its influence on the final binder properties. Other technologies could have been used to produce the WMA mixtures, but the lack of experience in Portugal with these technologies and some technical constraints pointed towards this easier solution of using a WMA additive to modify the bitumen, namely by adding a synthetic wax to reduce the viscosity at production temperatures.
Sasobit ® is a Fischer-Tropsch (F-T) or synthetic wax that is created during the coal gasification process and has been used as a compaction aid and a temperature reducer. The Sasobit ® process incorporates a low melting point organic additive that physico-chemically interacts with the bitumen, modifying the temperature-viscosity curve of the binder [12] . Sasobit ® melts at approximately 100 ºC and significantly reduces the viscosity of the base bitumen. It increases the asphalt resistance to deformation throughout the operating temperature range without affecting the low temperature properties of the mixture, which are determined by the characteristics of the base bitumen [23] . Sasobit ® is completely soluble in bitumen at temperatures above 115 ºC. It forms a homogeneous solution with base bitumen on stirring reducing remarkably its viscosity. This also enables mixing and reducing by 10-30 ºC the handling temperatures of the asphalt [13] . Experimental work carried out by Hurley and Prowell [11] , has shown Sasobit ® to improve the compactability of asphalt mixtures when analyzed using either a shear gyratory compactor or a vibratory compactor. Statistical analysis indicated an overall reduction in air voids, and improved compaction was noted at temperatures as low as 190 ºF (88 ºC). The research report concludes that the addition of Sasobit ® did not affect the resilient modulus of an asphalt mix nor did it increase the rutting potential of asphalt mixtures.
3.3. Properties of the binders 3.3.1. Selection of the binder types based on the study of rheology Initially, the pen grade bitumen to be used in this study was selected as B50/70, which is commonly applied in Portugal. Meanwhile, in order to compare the performance of HMA and WMA mixtures, the initial idea was to reduce as much as possible the variables in the study (namely the optimum additive content and the corresponding reduction of temperature to produce the WMA mixture). Thus, in this early part of the study, the composition of both HMA and WMA mixtures were kept unchanged (type of aggregates and gradation, bitumen type and percentage of bitumen).
Since this is one of the first studies with WMA mixtures in Portugal, namely by using a synthetic wax additive to reduce the viscosity of the base bitumen at production temperatures, it was decided to carry out an advanced characterisation (rheology using a DSR) of the base bitumen (B50/70), the additive and the binder modified with different amounts of additive (2 to 4%).
The final results of the rheology test with the DSR involved determining the norm of the complex shear modulus (|G*| -ratio between peak stress and peak strain) of the binders over a range of test frequencies and test temperatures. In order to ease the analysis of the rheology results, a reference frequency of 1 Hz (nearly the 10 rad/s recommended by SHRP [24] ) was selected to compare the different materials tested using DSR. Thus, Figure 3 shows the comparison of the complex modulus of the original bitumen B50/70, the modified binders produced with this bitumen (with 2 and 4% additive) and the pure additive. The results illustrate the rheological changes due to the use of the additive.
The complex shear modulus of the additive is very high (1 MPa at 1 Hz) and constant before its congealing temperature (102 ºC), behaving essentially as an elastic solid material. Slightly above that temperature the complex modulus decreases very quickly and the synthetic wax becomes a liquid material. The complex modulus of the original bitumen significantly changes for different test temperatures. At 25 ºC the complex modulus of the original bitumen is lower than that of the wax additive. This difference increases for higher operating temperatures (between 50 and 90 ºC), at which permanent deformation should occur. Above 115 ºC the original bitumen has a complex modulus only slightly higher than that of the wax additive, this difference being insufficient to allow a great reduction of the WMAs production temperature.
The rheology of the binder modified with wax additive is based essentially on the behaviour of the original bitumen. Modifying the original bitumen with the synthetic wax mainly increases the complex modulus in direct proportion to the amount of additive used, which is essentially observed at operating temperatures (25 to 80 ºC and especially for temperatures near the R&B softening point). The reduction of the complex modulus at application temperatures (above 120 ºC) is a central objective of WMA additives, but only a minor decrease is obtained by comparing bitumens before and after the modification with the synthetic wax. Thus, the highest quantity of additive (4%) studied should be used in the modified binder in order to ensure a higher decrease of the complex modulus, maximizing the decrease of WMA application temperatures.
After observing that the synthetic wax additive significantly increases the stiffness modulus of the binder for in service temperatures, the rheology study was continued in order to verify if the B50/70 binder modified with 4% of additive is comparable, in this range of temperatures (25 to 80 ºC), to a harder pen grade bitumen (commercial B35/50 bitumen was used in this comparison, since it is also greatly used in Portugal). The comparison between the complex moduli of these binders is presented in Figure 4 .
The complex modulus results confirm that the modified binders using softer bitumens have similar or even higher modulus than harder original bitumens, being thus possible to obtain a major reduction of the application temperature of the WMA mixtures and upholding operating properties comparable to the HMA mixtures. Soenen et al. [19] reached similar conclusions for several wax modified binders. Based on the previous results, it was decided that a new line of research should also be carried out, consisting in adding synthetic waxes to softer bitumens in order to produce WMA mixtures that should perform as well as HMA mixtures produced with harder bitumens. Thus, the synthetic wax will be used as a hardener additive at in service temperatures, and at the same time it will be possible to obtain a higher reduction of the WMA production temperature (i.e. by using softer bitumens with lower viscosities).
This new line of research was applied in softer commercial bitumens (i.e. by adding synthetic wax to B160/220 bitumen in order to obtain a binder that will be compared with neat B50/70 bitumen) and in harder ones (i.e. by adding synthetic wax to B35/50 bitumen in order to obtain a binder that will be compared with neat B10/20 bitumen). In summary, three comparative studies were carried out between conventional HMA mixtures and WMA mixtures using synthetic wax additive as modifier. Table 1 presents those studies, as well as the classification used for each one of the six mixtures evaluated during the subsequent parts of the work.
The objective of studying these different alternatives is to evaluate the main advantages and disadvantages of several blends of bitumen and synthetic wax (e.g. reduction of the production temperature, resistance to fatigue and permanent deformation, amongst others) in order to select the best combination for each singular case of application of these WMA mixtures (e.g.
cold or hot climatic conditions, green production concerns).
In the following part of the investigation, the optimum additive content of every studied WMA mixture was selected in order to guarantee that the basic characteristics of the modified binders are similar to the ones of the corresponding neat bitumen used in the HMA mixture (by comparing the results of the penetration and softening point tests). Subsequently, the reduction in the production temperatures of the WMA mixtures were selected by analysing the results of dynamic viscosity tests.
General properties and selection of additive contents
Several samples of modified binders were prepared in the laboratory for a thorough characterization (penetration and softening point tests). These samples comprised the addition of three percentages of synthetic wax additive to each penetration grade bitumen used in the three comparative studies (A -B50/70; B -B160/220; C -B35/50). Based on the recommendations of the additive producers and on the previous results of rheology, synthetic wax contents of 2, 3 and 4% were used in the comparative study A, while the comparative studies B and C used slightly higher additive contents (2, 4 and 6%) because they are comparing different grade bitumens. The modified binders were obtained by mixing the bitumen with the additive for a period of five minutes at a temperature of 130 ºC.
In order to classify the binders used in this study, a basic characterization was performed as referred in section 3.1.2. The results obtained for the paving grade bitumens and for those obtained by the addition of a certain amount of additive are summarized in Figure 5 .
In the first comparative study (binder A1 vs. A2) the addition of increasing quantities of wax additive to the B50/70 bitumen significantly modifies its properties, mainly the softening point temperature. The modified binder A2 can be classified as a harder binder type (like a B35/50), with a penetration grade clearly different from binder A1 (independently of using 2, 3 or 4% of additive). Thus, the selection of the optimum additive content in this study was based on the viscosity results, in order to allow an adequate reduction of temperature.
The most significant changes caused by the wax additive were observed in the comparative study B, in which the synthetic wax dramatically hardens the very soft base bitumen (B160/220) used to produce the modified binder B2. Thus, a great reduction in the penetration and a huge increase in the R&B temperature were observed just by using 2% of additive. However, it was necessary to use the highest additive content (6%) in the modified binder B2 in order to obtain a penetration grade near that of binder B1 (B50/70), and so the optimum additive content selected to continue this comparative study was 6%. This additive content was also selected since it increased the softening point temperature of the base bitumen by 50 ºC (doubling the initial value).
Finally, when comparing binders C1 and C2, it was observed that the higher the quantity of wax additive used to modify the B35/50 bitumen, the closer the penetration grade of binder C2
becomes to that of binder C1 (B10/20). However, it was not possible to obtain the same penetration of bitumen B10/20, even when using the highest additive content of 6% in the modified binder C2. Concerning the softening point temperature, the addition of the synthetic wax generated a significant change in the binder, thus being possible to obtain the same R&B temperature of binder C1 (B10/20) by modifying the bitumen B35/50 with only 2% of additive.
Considering both results, as well as the cost/benefit relationship, the optimum additive content considered as "ideal" to continue this study was 6%.
Dynamic viscosity and pre-selection of production temperatures
In order to evaluate the properties of the various binders at higher temperatures (100 to 170 ºC) in which the bituminous mixtures are mixed and applied, their dynamic viscosity was accessed using a rotating spindle apparatus (as described in section 3.1.3). The evolution of the dynamic viscosity with the temperature for different types of paving grade bitumens, before and after their modification with different amounts of the WMA additive, can be observed in Figure 6 .
In general, it was observed that the decrease of the dynamic viscosity of the WMA modified binder is proportional to the used amount of synthetic wax additive. Thus, considering the main objective of WMA mixtures, i.e. reducing the mixing temperature, the maximum amount of additive should be selected to continue the three comparative studies. However, in order to maximize the temperature reduction it is more effective to use a softer base bitumen than to increase the amount of additive, as was observed by the viscosity of the final binder.
Actually, Figure 6a (case study A) shows that the addition of the synthetic wax has little effect in the reduction of the dynamic viscosity of the binder at production and application temperatures, because the base bitumen used to produce the WMA modified binder will also be used as HMA binder. Thus, the changes observed at these temperatures are visibly lower than those should be used in a base course, and its grading envelope is different from the previous, according to the material specifications. The grading curves of the three studied mixtures can be observed in Figure 7 .
Mixture A was used in a real pavement trial and its aggregate was imposed by local conditions (mostly related to material availability). Thus, it is different (in type and gradation) from the aggregate used in the other mixtures, as can be observed in Figure 7 .
Mixture design
The mix design of the HMA mixtures was carried out according to the Marshall Method and then, for the "equivalent" WMA mixtures, the same binder content, aggregate type and gradation was used in order to assess the influence of the binder type. It should be noted that the binder content of WMAs includes the additive, i.e. the WMA binders have less bitumen than those of the HMAs. The variables considered in the mix design of the three mixtures can be observed in Table 2 .
Validation of production temperatures
After carrying out all the tests needed to determine the amount of additive in each mixture, the study proceeded with the validation of the production and compaction temperatures. This was done according to the EN 12697-10 standard, using the impact compactor (same as used in the operation, by recording the corresponding number of blows.
For each type of mixture (A, B and C), the test was first carried out for the HMAs and subsequently for the WMAs. The temperature used for the HMAs was defined by EN 12697-35 and for the WMAs three different temperatures were used in order to determine the one that would result in an air voids content of the mixture closest to that of the HMA. For each set of mixture/temperature three specimens were produced and the average was calculated to account for some common variability. The results obtained for the three mixtures under study are presented in Figure 8 .
Based on the results presented in Figure 8 , it was possible to confirm that, for the first study (Mixture A), the production/compaction temperature could be reduced by 15 ºC for the WMA (produced at 135 ºC) without compromising the target air voids content of the mixture. For the other two mixtures it was possible to obtain a more significant reduction on the temperature due to the use of softer bitumens. Thus, it was possible to reduce the production temperature by 30 ºC for Mixture B (produced at 120 ºC), which is even higher than the expected reduction (25 ºC, according to Figure 6 ), and by 40 ºC for Mixture C (produced at 140 ºC). These temperatures could even be further reduced (110 ºC for mixture B and 130 ºC for mixture C) taking into account the target air voids content and the compactability test results obtained within laboratory controlled conditions. However, taking into consideration the viscosity results and the congealing temperature of the synthetic wax (above 100 ºC), it was decided to keep these more conservative values (in order to account for eventual difficulties in controlling the field conditions).
In order to assess if the performance of the WMA mixtures was comparable/equivalent to that of the HMAs, several complementary tests were carried out, as presented in Section 5.
Additionally, the compaction resistance was calculated according to the procedure described in EN 12697-10 (Equation 1) and presented in Table 3 .
Where:
t(E 2 ) is the thickness of the specimen at a compaction energy E 2 using an impact compactor (mm); t ∞ is the calculated minimum achievable specimen thickness by impact compaction (mm); t 0 is the calculated initial specimen thickness by impact compaction (mm);
E 2 is the compaction energy (impact compactor), expressed with 21 Nm as unit, its numerical value is equal to the number of blows to the specimen;
T is the compaction resistance (impact compaction, method with the same specimen for all levels of compaction energy), expressed with 21 Nm as unit.
According to the results presented in Figure 8 and Table 3 it is possible to conclude that the air voids content obtained for 150 blows (compaction energy specified in Portugal) on the impact compactor are close to the target and within the specified values (3 to 5% for Mixtures A and B and 2 to 6% for Mixture C). It is also possible to confirm that the results obtained (for both compaction resistance and air voids content) for the WMA mixtures, produced at the chosen temperatures (mentioned above), are in accordance with those obtained for the HMAs.
Performance of the mixtures

Laboratory programme
After determining the amount of additive and the mixing temperatures for the WMA mixtures, and based on the mix design carried out for the HMA mixtures, the engineering properties of the final WMA mixtures were assessed through laboratory testing in order to determine relative measures of performance in comparison with the corresponding HMA mixtures.
Initially, the studied mixtures were produced in a laboratory mixer, being then compacted into slabs with a roller compactor. The slabs were then cut into prismatic and cylindrical specimens with dimensions specified in the European standards for every test to be carried out. The volumetric characteristics of the specimens were measured to validate the lower mixing temperatures of the WMA mixtures and to obtain additional information for the analysis of the test results. Finally, the performance of the various WMA and HMA mixtures was evaluated and compared regarding their water sensitivity, resistance to permanent deformation, stiffness moduli and fatigue resistance.
Volumetric characteristics
In order to confirm the volumetric properties of each mixture, the air voids content and the binder content were determined for all specimens used in each type of test (ITSR, WTT and Stiffness/Fatigue) according to EN 12697-8 and EN 12697-39, respectively, as can be observed in Table 4 .
The results presented in Table 4 show that, in most cases, the use of the additive slightly between the average strength results of both groups of specimens (wet over dry), in order to assess the water sensitivity of the mixture. The results obtained for the mixtures under study can be observed in Figure 9 . Figure 9 shows that the use of the 4% of additive slightly decreased the ITSR of mixture A, while the ITS has slightly increased due to the stiffening effect of the wax. Although the difference is not significant, it confirms the tendency of the wax additives to increase the water sensitivity of bituminous mixtures. However, if a softer base bitumen is used in the modified binder, the same does not occur, due to the better adhesion between aggregates and binder provided by the softer bitumen (as can be observed for mixtures B and C). The ITSR results of each type of mixture presented in Figure 9 were also affected by the type of aggregate. In this particular study, the aggregates used in mixture A (syenites) have significantly influenced the results obtained for the ITSR of that mixture (with the ratio of both HMA and WMA mixtures below 50%). One of the reasons for the higher results obtained for mixture C (if compared to mixture B) is probably related to the higher binder content of the specimens as previously presented.
Resistance to permanent deformation
In this study, the determination of the resistance to permanent deformation was carried out using the Wheel-Tracking Test, WTT (according to EN 12697-22 standard). The susceptibility of the WMA and HMA mixtures to deform was assessed by measuring the rut depth formed by repeated passes of a loaded wheel at a temperature of 50 ºC (maximum temperature typically observed during summer in several regions of Portugal). The evolution of the rut depth (mm) in air of the studied mixtures with the number of load cycles at 50 ºC is presented in Figure 10 .
The average results of the wheel-tracking tests required by the EN 12697-22 standard to rank the performance of the studied mixtures are the Mean wheel-tracking slope (WTS AIR ), Mean proportional rut depth (PRD AIR ) and Mean rut depth (RD AIR ), in air, which are shown in Table 5 .
One of the main advantages of the introduction of wax additives in bituminous mixtures is the reduction of their permanent deformation susceptibility. This is clear in the results presented in Figure 10 and Table 5 , where the performance of mixture A2 is better than that of mixture A1
(using the same base bitumen). The effect of the additive on the performance of mixture A2
should be highlighted, as the wheel-tracking slope has been reduced to less than half, when compared to mixture A1. As for mixtures B1 and B2, the results are very close to each other even though the base bitumen used in mixture B2 is significantly softer than that of mixture B1, which confirms the role of the wax additive. For mixtures B2 and C2, after an increased rate of deformation observed at the beginning of the test (and the corresponding mean rut depth), the wheel-tracking slope calculated between the 5000 th and the 10000 th cycle shows equivalent values. Thus, it can be stated that the objective of obtaining comparable HMA and WMA mixtures (in case studies B and C), in terms of resistance to permanent deformation was fulfilled, as the results of the wheel-tracking tests are approximately the same.
Stiffness Modulus
The structural performance of the pavements is directly related to the mechanical behaviour of the bituminous mixtures, which can be characterised through the stiffness modulus and phase angle. In this work, these properties were obtained for the WMA and HMA mixtures by using the four-point bending beam test, with a repetitive sinusoidal loading configuration, as stated in the EN 12697-26 standard. The frequency sweep (0.1 to 10 Hz) tests were carried out at 20 ºC. The variation of the stiffness modulus and phase angle of the studied mixtures with the frequency, at the reference temperature of 20 ºC, is presented in Figure 11 .
According to the results presented in Figure 11 , it can be concluded that the additive has a stiffening effect on the binder and consequently on the mixtures (as confirmed by the higher stiffness values obtained for mixture A2 at the different frequencies in comparison to mixture A1). However, when softer binders are used, the effect of the additive is not so significant (the stiffness moduli of mixtures B2 and C2 were lower than those of mixtures B1 and C1, respectively). Nevertheless, it can be observed that the mixtures incorporating modified binders (WMAs) have shown a more elastic behaviour, as the phase angle of such mixtures is less susceptible to the test frequencies and shows lower values for the lower frequencies than those of the HMAs.
Resistance to Fatigue
The fatigue cracking resistance of bituminous mixtures represents their ability to resist to the application of repetitive bending loads before failure. In this work, the fatigue cracking resistance of the mixtures was obtained through four-point bending tests (EN 12697-24 standard), carried out in strain control mode and with a repetitive sinusoidal loading configuration without rest periods. These tests were carried out at 20 ºC, at a frequency of 10
Hz and at three different tensile strain levels, with three specimens tested for each strain level.
The initial stiffness modulus of each tested specimen and the number of cycles that correspond to a 50% reduction of its initial value (failure criterion) was registered, thus obtaining the fatigue life of the specimen. With these results, it was possible to determine the fatigue lines of the different WMA and HMA mixtures under study, which are presented in Figure 12 .
The fatigue cracking resistance of mixtures B2, C1 and C2 is visibly higher (10 times superior)
than that of the other mixtures. The main reasons to justify these results are the use of a very soft bitumen to produce the WMA mixture B2 and the specific mix design of mixtures C1 and C2, which have a higher binder content.
The comparative performance of WMA and HMA mixtures showed that, in case studies A and C, the fatigue resistance of the synthetic wax modified mixtures (A2 and C2) is similar to that of the HMA mixtures (A1 and C1, respectively), even if a slight decrease in the fatigue resistance of the WMAs was noticed. In case study B, the WMA mixture (B2) was clearly less susceptible to fatigue cracking than the HMA mixture (B1), due to the use of a very soft base bitumen (B160/220) and the lower effect of ageing in the WMA mixture [17] , produced at lower temperatures.
The intrinsic effect of the synthetic wax additive is detrimental for the fatigue cracking resistance, because the wax is very rigid and brittle at service temperatures. This can be observed essentially in the fatigue slope, where the WMA mixtures become more susceptible to changes in the strain level than the HMA mixtures (mixture C is an exception that may be explained by the higher binder content). However, the following phenomena, which are beneficial for the fatigue resistance, occur at the same time when WMA mixtures are produced with this additive:
-WMAs are produced at lower temperatures, reducing the ageing of the binder and increasing the flexibility of the mixtures;
-It is possible to use softer base bitumens without compromising the rutting resistance, thus increasing the flexibility of the mixtures and, hence, their fatigue cracking resistance.
Summary and conclusions
In order to optimize the use of synthetic wax additives in warm mix asphalts, different blends of penetration grade bitumens and additive contents were prepared and characterised through penetration, softening point, viscosity and rheology tests. Three comparative studies between HMA and WMA mixtures emerged from the analysis of the binder properties, after carefully selecting the optimum amount of additive and the production temperature of every mixture. For each comparative study, the relative measures of performance (water sensitivity, stiffness, resistance to fatigue and permanent deformation) between the WMA and HMA mixtures are summarised in Table 6 , in order to ease the evaluation of the main advantages and weaknesses of the different solutions.
The main conclusion of this work is related with the possibility of designing the WMA mixture, using specific combinations of penetration grade bitumens and synthetic wax additives, in order to optimize the performance of the mixture for one particular property, according to in situ conditions, without compromising the other properties. Thus, the best WMA solution for hot
climates is the one presented in case study A (higher increase in the permanent deformation resistance), while the best solution for cold/warm climates is the one presented in case study B (higher increase in the fatigue resistance). The higher reduction of temperature was obtained in case study C, being a good alternative to produce high modulus WMAs.
Based on the results presented in this paper and on their analysis, the following conclusions can also be drawn from this study:
-the best solution for the production of WMA mixtures with the incorporation of synthetic wax additives is by using softer base bitumens, in order to maximise the reduction of the mixing temperatures, except for very hot climates; -this particular additive significantly changes the properties of the binder at higher service temperatures (increasing the permanent deformation resistance), while the reduction of the viscosity at production temperatures is not so evident;
-the compactability of the WMAs studied is similar or even better than that of the corresponding HMA mixtures;
-the addition of synthetic waxes does not significantly change the water sensitivity of the studied WMA mixtures;
-the use of this additive increases the stiffness moduli and the rut resistance of the WMA in comparison with the HMA mixture produced with the same bitumen, allowing the use of a softer bitumen to obtain a WMA mixture with a similar performance;
-the fatigue resistance of the studied mixtures can only be improved by using softer binders, due to the brittle behaviour of the additive. Table 4 . Volumetric characterisation of the studied mixtures 
